Supercritical CO 2 was used as a green solvent and impregnation medium for loading cellulose acetate beads with carvacrol in order to obtain a biomaterial with antibacterial properties. Supercritical solvent impregnation was performed in a high-pressure view cell at temperature of 50 ∘ C and pressures of 10, 21, and 30 MPa with the processing time ranging from 2 to 18 h. The rate of impregnation increased with the pressure increase. However, maximum impregnation yield (round 60%) was not affected by the pressure applied. Selected samples of the impregnated cellulose acetate containing 6-60% of carvacrol were proven to have considerable antibacterial effect against Gram-positive and Gram-negative bacterial strains including methicillin-resistant Staphylococcus aureus which causes severe infections in humans and animals. In addition, cellulose acetate beads containing 6.0-33.6% of carvacrol were shown to have a porous structure with submicron pores which is of interest for the controlled delivery applications.
Introduction
Process of supercritical solvent impregnation (SSI) implies dissolution of an additive in supercritical fluid and its subsequent incorporation into a polymer matrix [1, 2] which leads to formation of an added-value polymeric material. Reportedly, supercritical carbon dioxide (scCO 2 ) can be used to load polymeric carriers with antimicrobial substances [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , vitamins [13] , drugs [14, 15] , dyes [16, 17] , and so on. There are two distinctive mechanisms of SSI. The first one involves simple deposition of an additive which is soluble in supercritical fluid into the polymer matrix due to decompression of the system. The second one involves impregnation of additives that have higher affinity towards the polymer and then to the supercritical fluid (due to chemical interaction between the additive and polymer) [1, 2] . SSI is advantageous over conventional impregnation methods because it excludes the use of organic solvents as well as the drying step. Also, impregnation using scCO 2 can be conducted at relatively low temperatures due to the low critical temperature of CO 2 (31.1 ∘ C), which allows the use of thermolabile additives and heat sensitive polymers. Finally, unique and tuneable transport properties of supercritical fluids [1, 13] enable fast and controlled penetration and dispersion of an additive into the carrier [14] . Beside environmental benefits reflected in avoidance of hazardous solvents usage or waste water generation, application of SSI provides products free of solvent residues. ScCO 2 is simply eliminated and recovered from the final products by depressurization. Another benefit of scCO 2 use is that it dissolves in most of polymers causing their swelling [6] . This facilitates incorporation of substances dissolved in a supercritical fluid into the polymer matrix. Acting like a molecular lubricant scCO 2 affects thermal properties of polymeric material and can be also used to adjust morphological characteristics of the final product [1, 14] . In summary, SSI provides controlled product quality and safety as well as energy and time saving. Outbreak of panresistant bacterial strains led to a growing demand for materials with antibacterial properties containing active substances other than antibiotics. If the material is to be applied for biomedical purposes, another demand may arise: to be biodegradable. Natural compounds and 2 International Journal of Polymer Science plant extracts hold great promise as alternative antimicrobial agents since there has been no evidence of their contribution to further bacterial resistance [18] [19] [20] . Essential oils from herbs belonging to Lamiaceae family are widely used in food, pharmaceutical, and cosmetic industries [21] . Carvacrol, a phenolic monoterpenoid abundantly present in essential oils of herbs belonging to genus Origanum [21] , was selected for this study due to its well-known antibacterial and antioxidant properties [11, [22] [23] [24] as well as its approved status by the FDA as a safe food additive [10, 23] . Promising prospective of carvacrol applications has stimulated researchers to study its incorporation into different polymers (e.g., cyclodextrin, cellulose, gelatin, and chitosan) for different purposes [10, 11, 23, 24] . Cellulose acetate (CA) holds a great promise for food, pharmaceutical, and medicinal applications since it is stable, biocompatible, bioresorbable, and derived from cellulose, the world's most abundant biopolymer [7, [25] [26] [27] . Its good properties stimulated research focused on the generation of CA structures (membranes, foams, microparticles etc.) that contain bioactive compounds [4, 5, 14, [28] [29] [30] . These CA structures can be produced with methods like solvent casting, electrospinning, supercritical phase separation, and so on and used for controlled delivery of additives [14, [28] [29] [30] . CA foams with scopolamine and CA films with pepper essential oil produced by solvent casting method can be used for skin treatment [28] and as active food packaging [29] , respectively. CA membranes produced by electrospinning and subsequent immersion in amoxicillin solution can have gastrointestinal application [30] . CA microparticles, nanofibrous networks, and cellular membrane with nonsteroidal anti-inflammatory drug ibuprofen produced by supercritical fluid technology were reported for tissue engineering applications [14] .
Present study was aimed at investigating feasibility of SSI for impregnation of CA beads with carvacrol as well as antibacterial activity of the obtained material. Applied singlestep batch SSI process involved dissolution of carvacrol in scCO 2 and its incorporation into CA. The effect of operating pressure on impregnation yield and morphology of the polymer substrate was discussed in detail. Antibacterial activity of CA impregnated with carvacrol was investigated against sixteen bacterial strains, including methicillin-resistant Staphylococcus aureus (MRSA), which are relevant for potential applications of the developed added-value material in the food industry and biomedicine.
Materials and Methods

Materials.
Carvacrol (purity > 99%) was supplied by Sigma-Aldrich (Germany). Pharmaceutical grade cellulose acetate beads (CA-320S NF/EP) with acetyl content 32.0% were generous donation from Eastman (Poland). Commercial CO 2 (purity 99%) was supplied by Messer-Tehnogas (Serbia).
Methods
Supercritical Impregnation of Cellulose Acetate with
Carvacrol. Supercritical impregnation of CA with carvacrol was performed using the static method in a high-pressure view cell (Eurotechnica GmbH, Germany) presented in Figure 1 and previously described in detail [3, 5] . Carvacrol was placed on the bottom of view cell in a glass container with a fine mesh on its top to avoid possible splashing during decompression. CA beads were placed in a porous basket above the carvacrol. Liquid CO 2 from a siphon type cylinder was precooled in a cryostat (C) and introduced into the view cell previously heated to 50 ∘ C. Pressurization of the system to the working pressure of 10, 21, or 30 MPa using a highpressure pump (P) for liquids (Milton Roy, France) followed. The impregnation time was varied from 2 to 18 h. Initial mass ratio of carvacrol : CA was 12 : 1 in all the experiments, except for the sample impregnated at 30 MPa for 18 h when the ratio of 72 : 1 was used in order to provide carvacrol in excess like in other experiments. After each experiment, the CO 2 was released from the vessel at the rate of 0.3 MPa/min. Impregnated mass of carvacrol ( carv ) was determined gravimetrically by measuring the polymer mass at the beginning of the process and after the impregnation. Impregnation yield ( ) of carvacrol was calculated according to the equation
where CA is the mass of CA at the beginning of the process.
Characterization of the Samples.
Field emission scanning electron microscopy (SEM, Mira3 Tescan) of the CA beads was used to determine CA morphology before and after supercritical impregnation of carvacrol. The samples were coated with a thin layer of Au/Pd (85/15) prior to the analysis. routine disc diffusion investigations, and confirmation was achieved by detecting mecA gene using PCR according to previously described protocols [31] . For the purpose of investigation of antibacterial activity of the CA samples (pure CA and impregnated with carvacrol), disc diffusion method recommended by Clinical and Laboratory Standards Institute (CLSI) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST) was used. The desired inoculums (density of approximately 1-2 × 108 CFU/mL) were achieved by preparing the suspension of bacteria with the density equal to McFarland standard 0.5 (Becton Dickinson). The investigation was conducted on Mueller Hinton agar (BioMérieux, France) and Mueller Hinton agar with 6% sheep blood (BioMérieux, France). The only modification was that instead of antibiotics cellulose acetate with carvacrol was used. The results were read by measuring the diameter of the inhibition zones after the incubation period of 18-24 hours at 37 ∘ C. No interpretive categorization was used (susceptible, resistant) because there are no standards for this kind of investigation.
Antibacterial
Results and Discussion
Supercritical Impregnation of Cellulose Acetate with
Carvacrol. Amount of impregnated active substance and porous structure of the substrate (carrier) are of vital importance for controlled drug delivery and its efficiency against target bacterial strains. Amount of impregnated additive depends on complex interactions of ternary system (additivesupercritical fluid-polymer) which are affected by CO 2 pressure, temperature, nature of polymer, and time of its exposure to supercritical fluid [4, 7, 9] . Previous studies demonstrated that pure scCO 2 had negligible effect on CA morphology and thermal properties [5, 8] . Therefore, manipulation of pressure and time in the SSI of CA with carvacrol was aimed at setting optimal operating conditions regarding mass transfer and structural changes of CA in the presence of scCO 2 + carvacrol. Operating pressure (10, 21 and 30 MPa) and temperature (50 ∘ C) conditions for the impregnation process were chosen on the basis of previous report on carvacrol solubility in CO 2 [21] . Obtained impregnation yields in the SSI process are presented in Table 1 .
All the impregnation curves followed linear regime within the first few hours indicating fast impregnation (Figure 2) . Steeper slope of impregnation curve in the linear regime indicated faster impregnation rate at higher pressures. This could be result of increased diffusivity in solid matrix and higher carvacrol solubility [21] in the scCO 2 which provide a larger driving force for the impregnation [4] . Similar phenomenon was shown for the SSI of cotton gauze and CA with thymol [3, 4] . After the period of fast impregnation in the first few hours of the SSI, gradual decrease of the impregnation rate and equalization of the impregnation yield with the loading capacity of carvacrol in CA (∼60%) followed.
The maximum impregnation yield that corresponds to the loading capacity of the carrier was found to be around 60% regardless of the applied pressures, whereby the time ( max Imp ) for reaching it decreased with the pressure increase (Figure 2 ). Similar phenomenon was also observed for the SSI of CA with thymol where the time needed for achieving maximum impregnation yield (∼70%) at 10 MPa was almost three times longer (45 h) compared the time needed at 20 MPa (16 h) [4] .
For ≤ max Imp increase in pressure resulted in the increased impregnation yield of carvacrol (Figure 2) . Namely, impregnation yield of carvacrol after 2 h of the SSI was reported to be 6.0% at 10 MPa, 19.7% at 21 MPa, and 36.7% at 30 MPa ( Figure 3 ). This can be explained by the reported carvacrol solubility in scCO 2 increase with pressure from 7.3 kmol/mol (10 MPa) to 61.2 kmol/mol (21 MPa) and 178.2 kmol/mol (30 MPa) [21] . Increased carvacrol solubility with the operating pressure does not necessarily imply the impregnation yield increase. When there is a sufficient amount of an impregnating substance in a polymer + scCO 2 system to achieve saturation at given operating conditions, affinity of the impregnating substance to the polymer phase decreases (as driving force for impregnation ceases) [6, 8] . At the same time, affinity of the impregnating substance may be higher towards the supercritical fluid than to the polymer which may lead to the decrease in impregnation yield [6] . Some of previous reports on CO 2 -assisted impregnation of additives into CA present products with different end applications. Mallepally and coworkers [7] produced controlled topical oxygen delivery device by impregnation of CA with hydrogen peroxide at pressure of 8.3 MPa and temperatures from 25 to 45 ∘ C during 1 h with a maximum impregnation yield of 25%. Shen and coworkers [8] impregnated CA with vanillin and L-menthol at pressures from 5.2 to 17.6 MPa and temperatures from 20 to 50 ∘ C during 2 h with impregnation yields up to 20% for possible application in the food industry.
Morphology of Cellulose Acetate Samples.
Appearance of neat and CA beads impregnated with various amounts of carvacrol was evidently different (Figure 4 ). Neat CA sample was denoted as control (C). CA sample with the lowest impregnation yield (6.0%) had the appearance similar to the control sample. Loading of higher percentage of carvacrol (∼35%) into CA induced swelling of the substrate. Extensive swelling of CA beads accompanied with agglutination was characteristic for the samples with impregnation yield above 55%. Samples of CA impregnated with 6.0%, 33.6%, and 60.0% of carvacrol ( Figure 4 ) were used as representatives for further SEM and antibacterial tests. Morphological changes in the selected impregnated samples of CA were confirmed by the SEM analysis. SEM images of surface and cross section of the control and CA samples loaded with different amounts of carvacrol are presented in Figure 5 . Control sample had unevenly bumpy surface without visible pores while inner structure was shown to be highly porous with submicron pores. Morphological change of the CA samples upon the SSI depended on the loaded amount of carvacrol. Low impregnation yield (6.0%) resulted only in smoothening of the rugged surface. Higher load of carvacrol (33.6%) led to the increased pores' diameter, while the complete collapse of the porous structure was observed for the maximum loading capacity of carvacrol (60%) in CA beads ( Figure 5 ). Similar observations were recently reported for CA impregnation with thymol [4, 5] . This phenomenon can be explained by participation of carvacrol with its hydroxyl group in intermolecular hydrogen bonds between CA chains leading to the change in solid structure of CA. Mallepally et al. [7] showed that loading of up to 25% of hydrogen peroxide did not affect morphology of CA mats. Shen et al. [8] also reported that loading of up to 10% of vanillin and L-menthol into CA fiber did not affect the morphology. Based on the results, it can be concluded that morphology changes of CA depend on the amount of impregnated carvacrol. The higher the carvacrol impregnation yield is, the more pronounced the change in CA will be. CA beads containing 6.0-33.6% of carvacrol have a porous structure with submicron pores which is of interest for the controlled delivery applications [5] .
Antibacterial Activity of Cellulose Acetate
Samples. Antibacterial activity of the selected samples (impregnation yields of 6.0%, 33.6%, and 60.0%) and pure CA beads as control (C) against selected Gram-positive and Gramnegative bacterial strains is presented in Figure 6 . As can Figure 6 : Inhibition zones of the tested samples.
if carvacrol was released from the CA on the surface of culture medium thus being capable of showing antibacterial activity. This is important for the possible implementation of the impregnated CA in clinical practice or in the food industry. Antimicrobial activity of a number of essential oils has been attributed to the presence of phenolic compounds. The inhibitory effect of phenols is explained by their interaction with the cell membrane of microorganisms [22] . Among phenolic compounds, carvacrol, an isoprenyl phenol, was reported to have one of the strongest antimicrobial activities [22] . Antimicrobial activity of carvacrol is sustained by its lipophilic character. It acts by disruption of the bacterial cytoplasmic membrane, which consequently loses its high impermeability resulting in bacteria's death [22] .
Results of the qualitative assessment of the antibacterial activity of CA samples are presented in Table 2 . Evidently, the control sample (pure CA) did not have any effect on the tested bacterial strains, while the impregnated samples showed diverse levels of antibacterial activity, from none to very strong (inhibition zones from 0 to 40 mm). The strongest antibacterial activity was obtained with CA impregnated with 60% of carvacrol against all investigated strains except against K. pneumoniae and S. Enteritidis. Due to previously published results, it was not expected that CA 60% was going International Journal of Polymer Science 7 [5] . The samples with carvacrol impregnation yield of 33.6% and 60.0% showed considerable antibacterial activity against all the tested strains which means that the amount of carvacrol released from the CA was sufficiently high to reach the critical concentration for the inhibition of bacterial growth. Particularly important result is the antibacterial activity against MRSA strains bearing in mind the problem of bacteria's multiresistance to antibiotics, whereby even topical infections (skin, eye, or ear) caused by MRSA may have fatal outcome [33] .
Conclusion
The results from this study showed that CA in the form of beads with submicron pores can be successfully impregnated with carvacrol using supercritical impregnation process with CO 2 . Results also showed that carvacrol impregnation yield increased with the increase of operating pressure and time. The impregnation was faster when conducted at higher pressures due to the higher solubility of carvacrol in scCO 2 . The maximum carvacrol impregnation yield into CA was found to be around 60%. Impregnation yields higher than 6% lead to morphological changes in CA from swelling to the complete loss of pores (60%) due to the interference of carvacrol with intermolecular hydrogen bonds between the CA chains. Impregnated samples with higher impregnation yield (33.6% and 60.0%) showed considerable antibacterial activity against selected Gram-positive and Gram-negative bacterial strains including MRSA, in contrast to pure CA which did not show any antibacterial activity.
According to the presented results, SSI at pressure of 30 MPa and temperature of 50 ∘ C during 2 h is suggested for production of porous CA beads containing around 36% of 8 International Journal of Polymer Science carvacrol which was proven to be sufficient for antibacterial effect against chosen bacterial strains including MRSA.
Simple tuning of the SSI operating conditions enables manipulation of the additive impregnation yield and allows production of CA with desired carvacrol content for targeted antibacterial application. The supercritical impregnation process using CO 2 was shown to be a feasible technique for fabrication of CA impregnated with carvacrol for different possible application when solvent free and biodegradable material with antibacterial properties is required (e.g., food and pharmaceutical industry as well in medicine). In further studies it is necessary to investigate release kinetics of carvacrol from the impregnated CA samples in surrounding media of interest.
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